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Abstract
The cross sections for single vector boson production in the Weν and Zee channels are measured from the data collecte
the ALEPH detector at LEP for centre-of-mass energies between 183 and 209 GeV. These data correspond to a total
ALEPH Collaboration / Physics Letters B 605 (2005) 49–62 53
imuonluminosity of 683 pb−1. Single-W production is studied in both hadronic and leptonic decay channels. Hadronic and d
decays are used for single-Z production. The measured cross sections agree with the Standard Model predictions.
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dom.1. Introduction
In this Letter a measurement of single vector b
son production with the processes e+e− → Weν and
Zee (called in the following single-W and singl
Z) is described. The data were collected at LEP
the ALEPH detector at centre-of-mass (CM) en
gies between 183 and 209 GeV and correspon
an integrated luminosity of 683 pb−1. The break-
down of CM energies and luminosities is given inTa-
ble 1.
At LEP2 energies, the single vector boson prod
tion cross section is of the order of 1 pb[1], i.e., a
few percent of the dominant Z and W resonant p
duction, e+e− → Zγ (σ ∼ 100 pb) and W+W− (σ ∼
18 pb). Single-W and single-Z production provid
however, significant background for many searc
at LEP. A direct measurement of these processe
therefore an important cross-check of Standard Mo
predictions. The single-W process is also of inter
because it probes the triple gauge WWγ coupling[2]
with a sensitivity complementary to that of WW pr
duction.
All W decay modes are reconstructed in the ana
sis presented here. The Weν cross-section measur
ment is performed separately for the leptonic a
the hadronic channels at each CM energy. Two
cay channels, Z→ µ+µ− and Z→ qq̄, are used for
the single-Z cross-section measurement. Because th
cross section varies by only 5% over the LEP2
ergy range, the measurement in the dimuon cha
is averaged over the whole energy range. The hig
hadronic cross section allows a significant meas
ment to be made at each CM energy.
30 Supported by the Federal Officefor Scientific, Technical and
Cultural Affairs through the Interuniversity Attraction Pole P5/27.
31 Now at Henryk Niewodnicznski Institute of Nuclear Physic
Polish Academy of Sciences, Cracow, Poland.
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Summary of the CM energies and integrated luminosities
Sample name Average CM energy (GeV) Luminosity (pb−1)
183 182.65 56.8± 0.3
189 188.63 174.2± 0.8
192 191.58 28.9± 0.1
196 195.52 79.9± 0.4
200 199.52 86.3± 0.4
202 201.62 41.9± 0.2
205 204.86 81.4± 0.4
207 206.53 133.2± 0.6
2. The ALEPH detector
A detailed description of the ALEPH detector c
be found in Ref.[3] and of its performance in Ref.[4].
Charged particles are detected in the central p
which consists of a precision silicon vertex detec
(VDET), a cylindrical drift chamber (ITC) and a larg
time projection chamber (TPC), together measur
up to 31 space points along the charged particle
jectories. A 1.5 T axial magnetic field is provided by
superconducting solenoid. Charged-particle transv
momenta are reconstructed with a 1/pT resolution of
(6 × 10−4 ⊕ 5 × 10−3/pT) (GeV/c)−1. The tracks
used in the present analysis are reconstructed wi
least four hits in the TPC and originate from with
a cylinder of length 20 cm and radius 2 cm coa
ial with the beam, centred at the nominal collisi
point.
In addition to its rôle as a tracking device, the TP
also measures the specific energy loss by ioniza
dE/dx. It allows low momentum electrons to be se
arated from other charged particle species by m
than three standard deviations up to a momentum
8 GeV/c.
Electrons (and photons) are also identified by
characteristic longitudinal and transverse devel
ment of the associated showers in the electromagn
calorimeter (ECAL), a 22 radiation-length-thick san
wich of lead planes and proportional wire chamb
with fine read-out segmentation. A relative ene
resolution of 0.18/
√
E (E in GeV) is achieved for
isolated electrons and photons.
Muons are identified by their characteristic pene
tion pattern in the hadron calorimeter (HCAL), a 1.2
thick iron yoke interleaved with 23 layers of streamtubes, together with two surrounding double-layers
muon chambers. In association with the electrom
netic calorimeter, the hadron calorimeter also provi
a measurement of the hadronic energy with a rela
resolution of 0.85/
√
E (E in GeV). The specific algo
rithms used for lepton identification are described
Ref. [5].
The total visible energy is measured with an ener
flow reconstruction algorithm which combines all t
above measurements[4]. The relative resolution on
the total visible energy is 0.60/
√
E (E in GeV) for
high multiplicity final states. In addition to the visible
energy measurement, the energy-flow reconstruc
algorithm also provides a list of reconstructed obje
classified as charged particles, photons and ne
hadrons, and calledenergy-flow objectsin the fol-
lowing. Unless otherwise specified, these energy-fl
objects are the basic entities used in the present an
sis.
Down to 34 mrad from the beam axis, the acc
tance is closed at both ends of the experiment by
luminosity calorimeter (LCAL)[6] and a tungsten
silicon calorimeter (SICAL)[7] originally designed
for the LEP1 luminosity measurement. The dead
gions between the two LCAL modules at each e
are covered by pairs of scintillators. The luminos
is measured with small-angle Bhabha events with
LCAL with an uncertainty less than 0.5%.
The trigger system plays an important rôle in t
detection of single vector boson events, particula
for single-W leptonic decays to electrons or muon
with a single track in the detector acceptance. T
relevant trigger for a single electron requires a tra
segment in the ITC to be in spatial coincidence w
an energy deposit in the module of the ECAL to wh
the track is pointing. The energy threshold in ECA
is set to 1.0 GeV in the barrel and 1.2 GeV in t
endcap region. For single muons, an ITC-HCAL c
incidence is required, with at least four out of twel
double planes of HCAL tubes fired in the same
imuthal region as the ITC track segment. The trig
efficiency for selected single-W events is measu
with simulated events to be 96.1% for single muo
and 99.3% for single electrons. The combination
these and other calorimetric trigger conditions yie
an efficiency of 99.3% for single taus.
In this Letter, the polar angleθ is the angle with
respect to the incoming electron beam direction.





































as3. Signal and background simulation
3.1. Single-W signal definition
The dominant diagrams contributing to the sing
W hadronic final states are shown inFig. 1a. To
evaluate the selection efficiency, the signal definit
adopted here is based on the full set of four-ferm
diagrams compatible with the Weν final states. The
following additional cuts are included in the definitio
• One electron (positron) must be produced with
angle with respect to the beam axis smaller th
34 mrad.
• For W leptonic decays, the lepton must have
energy in excess of 20 GeV and a|cosθ | value
smaller than 0.95.
• For W hadronic decays, the hadronic invaria
mass must be larger than 60 GeV/c2.
In the following, the four-fermion events compa
ble with a WW final state but not fulfilling the single
W signal definition are called WW events. (Differe
definitions have been used by other LEP experime
for the definition used by the LEP Electroweak Wo
(a)
(b)
Fig. 1. Dominant diagrams for (a)hadronic single-W final state, (b
single-Z processes.ing Group[8,9], the measured cross sections given
this Letter have to be scaled by a factor 1.50± 0.03 to
be combined with the other LEP results.)
3.2. Single-Z signal definition
In the Zee process, one of the two electrons has
diated a quasi-real photon and is usually lost along
beam axis while the second is in general within the
tector acceptance together with the Z decay produ
The main diagrams describing this process are sh
in Fig. 1b. The signal definition is based on the
of four-fermion diagrams compatible with an e+ −ff̄
final state (f= q or µ) with the following additional
cuts.
• The difermion invariant mass must exceed
GeV/c2.
• The polar angle of the low angle electron (po
tron) must be smaller than 12◦ (larger than 168◦).
• The energy of the large angle positron (electr
must exceed 3 GeV and its polar angle must
between 12◦ and 120◦ (60◦ and 168◦).
The set of diagrams with two electrons in the
nal state (such as e+ − → ZZ with one of the Z’s
decaying to e+e−), denoted NC08 diagrams[8], and
the two-photon processes contribute to the signal d
nition. (This definition coincides with that used by t
LEP Electroweak Working Group.)
3.3. Signal and background event generators
Single-W and single-Z events were generated w
theKoralW generator[10]. The selection efficienc
determined byKoralW was found to agree with tha
predicted byGRC4F [11] (single-W) within 3% and
PYTHIA [12] (single-Z) within 2%. The residual dif
ference is quoted in Sections4 and 5as a generator
dependent efficiency systematic uncertainty. An ad
tional theoretical uncertainty of 5% affects the cro
section of all four-fermion event generators[8].
The background contamination is determined a
Ref. [5]. The signal and background simulation w
performed at all CM energies ofTable 1.



























































Leptonic single-W events are characterized by e
ther a single electron/muon track or a low multipl
ity jet from a tau decay within the detector acce
tance. As a consequence, only events with one
three tracks with|cosθ | < 0.95 are kept. If the single
charged particle fulfils the electron or muon iden
fication criteria, the event is classified as eν or µν.
The remaining events are considered asτν candi-
dates. Further cuts are applied on the transverse m
ing momentum (pmissT /
√
s > 0.06) and the total in-
variant mass (Mvis < 5 GeV/c2). The momentum o
the reconstructed electron/muon, corrected for po
ble bremsstrahlung emission as in Ref.[5], must be
greater than 20 GeV/c. No energy should be measur
within a 14◦ cone around the beam axis. This requi
ment removes most of theγ γ background. Beam–ga
interactions, off-momentum beam particles or detec
noise, not modelled in the simulation, may cause
inefficiency because of energy deposits below 14
grees superimposed to leptonic single-W events. T
effect has been measured using random trigger ev
recorded under the same conditions as physics ev
and an inefficiency of 2% has been computed a
Ref. [5].
The lepton transverse-momentum (pT) distribu-
tions for the three lepton types with the contrib
tions of signal and various background simulations
shown inFig. 2. Leptonic efficiencies are estimate
for each CM energies. Their luminosity-weighted a
erages are given inTable 2 for the three leptonic
channels. The breakdown of the numbers of events
Table 2
Lepton selection efficiencies and cross-channel contamination
Weν, averaged over all CM energies
Event classification
eν µν τν
W → eν 69.4 0.0 1.1
Efficiency (%) W→ µν 0.0 72.6 1.0
W → τν 7.4 5.2 28.5
The statistical precision is 0.2% for the diagonal terms and less
0.1% for the non-diagonal ones.-
lected and the signal and background events expe
is given inTable 3at each CM energy. The Zee proce
contributes 60% of the background. A total of 1
events is selected in the data.
4.1.2. Hadronic selection
The topology of hadronic single-W events is ch
acterized by two jets in the detector acceptance. Ev
are accepted if they contain at least seven tracks ca
ing more than 10% of the CM energy and if the mi
ing momentum polar angle satisfies|cosθmiss| < 0.9.
Two hemispheres are defined with respect to a p
perpendicular to the thrust axis. The acollinearity
gle (defined as 180 degrees minus the angle betw
two vectors) between the sum of the energy-flow
jects momenta in the two hemispheres is require
be smaller than 165◦. The visible massMvis is re-
quired to be larger than 40 GeV/c2. These cuts are ap
plied to reject difermion and two-photon backgroun
Events including an identified electron or muon w
an energy larger than 5% of the CM energy are
jected. The energy observed below 14◦ of the beam
axis is required to be smaller than 2.5% of the C
energy which induces a 1% efficiency loss. In ad
tion, events already identified as WW events[5] are
rejected.
The last step of the selection is based on a ne
network trained with the following variables.
• Event variables: thrust, sphericity, visible ener
Evis, visible massMvis, missing transverse mo
mentumpmissT , acollinearity and acoplanarity (de
fined as the acollinearity, but using azimuthal a
gles only).
• Tau variables: in the presence of a one- or thr
prong jet (reconstructed with theJADE [13] al-
gorithm with ycut = 0.001) with an energyEch
carried by charged particles larger than 2.5%
the CM energy, its total energy andEch are also
inputs to the neural network computation.
Events are selected by cutting on the neural netw
output. The cut value is chosen to maximize the pr
uct of the efficiency and the purity[5].
Fig. 3displays the reconstructed W transverse m
mentum (pWT ) distribution of the selected events wi
the contributions from signal and various backgrou
simulations. The hadronic efficiency is computed
ALEPH Collaboration / Physics Letters B 605 (2005) 49–62 57
r all
Fig. 2. Distributions of the lepton transverse momentum (pT) for the three single-W leptonic channels: (a) W→ eν, (b) W → µν, and













ndeach CM energy. Its luminosity-weighted average
(38.1 ± 0.1)%. The breakdown of the numbers
events selected and the signal and background ev
expected are listed inTable 3for each CM energy. The
semileptonic WW→ q′q̄τν and ZZ events contribut
54% and 41% of the background, respectively. In
data, 205 events are selected.
4.2. Single-W cross-section results
The systematic uncertainties related to dete
simulation, background contamination (except WWs
beam-related background, luminosity determinati
hadronization and lepton identification are evalua
as for the W-pair cross-section measurement[5]. The
generator-dependent efficiency uncertainty is m
tioned in Section3. Other sources are listed in th
following paragraphs.
WW contamination
An uncertainty of 0.5% is assigned to the W
cross section[5] and is propagated to the backgrou
contamination rate.
58 ALEPH Collaboration / Physics Letters B 605 (2005) 49–62
y
Table 3
















183 7 4.7± 0.1 3.3± 0.1 11 4.9± 0.1 5.5± 0.1
189 25 15.7± 0.1 9.9± 0.3 40 18.3± 0.2 26.2± 0.2
192 6 2.7± 0.1 1.6± 0.1 6 2.5± 0.1 3.2± 0.1
196 13 8.2± 0.1 4.8± 0.1 22 8.9± 0.1 11.2± 0.1
200 14 9.4± 0.1 5.2± 0.2 38 11.8± 0.1 15.0± 0.1
202 4 4.8± 0.1 2.7± 0.1 16 6.2± 0.1 8.0± 0.1
205 15 9.7± 0.1 4.9± 0.2 23 12.7± 0.1 15.8± 0.2
207 18 16.4± 0.1 8.6± 0.3 49 21.8± 0.2 26.3± 0.3
Total 102 71.7± 0.3 40.8± 0.5 205 87.1± 0.3 111.2± 0.4
























Fig. 3. Distribution of the reconstructed W transverse momen
(pWT ) for the single-W hadronic channel, in the data (points w
error bars) and in the simulation (signal: empty histogram, ba
ground: shaded histograms) for all CM energies.
Simulated statistics
The finite simulated statistics yield a 2% unc
tainty at each CM energy. For the leptonic chann
this uncertainty is dominated by the limited num
ber of generated Zee events. The uncertainty
the hadronic channel is caused by the WW sa
ple size. The signal contributions for the lepton
and hadronic channels are 0.7% and 1.1%, res
tively.Table 4
Single-W cross section systematic uncertainty contributions
hadronic and leptonic channels, at each CM energy
Relative uncertainty in %
Source Leptonic Hadronic
Generator-dependent efficiency 3.0 3.0
Simulated statistics 2.0 2.0
Detector simulation 0.7 2.1
Background contamination 1.5 1.1
Beam-related background 0.7 1.1
Luminosity determination 0.7 1.1
Hadronization – 1.0
Trigger simulation 0.2 –
Lepton identification < 0.1 –
Total 4.1 4.7
Trigger simulation
The trigger efficiency for the leptonic channels w
monitored with dilepton events. A conservative u
certainty of 0.5% is assigned to the trigger efficien
computed with simulated events.
All systematic uncertainties are treated as co
lated between CM energies, with the exception of
uncertainty related to the finite statistics of the simu
tion. A summary of their relative contribution is give
in Table 4.
The leptonic cross section is computed from
total number of selected events, corrected for the
ficiency sum in the three channels. (This proced
is based on the assumption of lepton universal
The leptonic and hadronic cross section measu
values are given inTable 5 for each CM energy

































Measured leptonic (σlep) and hadronic (σhad) single-W cross sec
tions for each CM energy










Measured single-W cross section and expected uncertainty for
CM energy









In the second column, the ratio between the measured cross se
and that predicted byGRC4F (RW) is given.
The sum (the total Weν cross section) is compare
to the GRC4F generator prediction inTable 6 and
Fig. 4.
The average ratio of the measured cross sectio
that predicted byGRC4F is:
RW = 0.96± 0.11(stat) ± 0.04(syst).
As a cross-check, the same ratio was computed





A single-Z dimuon event is characterized by a s
isolated electron at largeangle, large missing mo
mentum along the beam direction and a Z→ µ+µ−Fig. 4. Measured single-W cross section as a function of the CM
ergy. The uncertainty on the theoretical cross section is represe
by the shaded band. As an example, the expected cross section
the GRC4F generator is shown by the solid line.
decay within the detectoracceptance. Events are r
quired to have exactly three tracks with a moment
greater than 1 GeV/c and reconstructed with at lea
one VDET hit. The total electric charge must equ
±1. At least two of the three tracks are required to
identified as electron or muon, and their flavours a
electric charges must be consistent with theµ+µ−e±
final state. If only two tracks are identified, the flavo
of the third is inferred from the first two. The mo
mentum of the reconstructed electron (positron)
corrected for possible bremsstrahlung emission a
Ref. [14]. The selection requirements include all t
cuts listed in the signal definition and two addition
angular cuts:
• Qecosθµ+µ− < −0.8 where Qe is the charge o
the observed electron (positron) andθµ+µ− the po-
lar angle of the dimuon system;
• Qecosθmiss> 0.8 whereθmissis the polar angle o
the missing momentum to the three tracks.
The dimuon invariant mass distribution is shown
Fig. 5 for data and simulation. The signal selecti
efficiency is(36± 2)% and the number of expecte
signal events is estimated as 10.4 ± 0.5. The dom-
inant background contribution comes from the fo
fermion events not included in the signal definiti
(1.8± 0.3), µ+µ− (0.4± 0.1), and, with a lower rate




































tedFig. 5. Dimuon invariant mass distribution after the muonic singl
selection, in the data (points with error bars) and the simulation (
nal: empty histogram, background: shaded histogram), for all
energies.
WW andτ+τ− events. The total number of expect
background events is 2.6± 0.3. A total of 16 events is
found in the data.
5.1.2. Hadronic events
The Zee events with a hadronic Z decay are cha
terized by an isolated electron and a large energy-fl
object multiplicity. Events are preselected by requir
at least five tracks. The electron candidate is cho
as the particle with the largest isolation angle amo
all the identified electrons, where the isolation an
φe is defined as the angle with respect to the clos
track with a momentum greater than 1 GeV/c. The
electron (positron) candidate must fulfill the kinema
requirements of the signal definition and its isolat
angle must satisfy cosφe < 0.8. The invariant mass o
the rest of the event must be greater than 50 GeV/c2
and the cosine of the angle of its momentum with
spect to the electron (positron) beam direction m
be greater than 0.85. The missing momentum is
quired to be at least 20 GeV/c and the missing energ
has to exceed 50% of the beam energy. The remai
energy-flow objects are clustered into two jets with
DURHAM algorithm[15]. The dijet opening angle mus
be greater than 60◦.
The hadronic invariant mass distribution for da
is shown in Fig. 6 after all the selection requireFig. 6. Invariant mass distribution of the hadronic system after
hadronic single-Z selection, in the data (points with error bars) an
the simulation (signal: empty histogram, background: shaded
tograms) for all CM energies.
Table 7
Number of selected events for hadronic single-Z selection and









183 5 6.4± 0.3 1.6± 0.1
189 23 20.5± 1.0 6.8± 0.4
192 5 3.6± 0.2 0.9± 0.1
196 15 10.0± 0.5 2.2± 0.2
200 14 10.9± 0.5 2.5± 0.2
202 10 5.9± 0.3 1.2± 0.1
205 11 12.6± 0.5 2.2± 0.2
207 28 19.8± 0.9 4.9± 0.5
Total 111 89.9± 1.6 22.4± 0.7
The quoted errors are due to the finite statistics of the simulatio
ments except the invariant mass cut and is comp
with the simulated signal and background events.
hadronic efficiency is computed for each CM ener
Its luminosity-weighted average is(23.2±0.4)%. The
breakdown of the numbers of events selected and
signal and background events expected are liste
Table 7. The q̄q events represent about half of t
background; the rest is split between ZZ (40%) a
WW events (10%). A total of 111 events is selec
with an estimated background contribution of 22.4 ±
0.7 events.





























Single-Z hadronic cross section systematic uncertainties, at
CM energy











5.2.1. Dimuon cross section
The measured cross section of the Zee process
Z → µ+µ−, is averaged over all CM energies a
amounts to
σµµ = 55± 16(stat) ± 3(syst) fb
to be compared to the prediction of theWPHACT gen-
erator(44± 2) fb [16]. The systematic uncertainty
dominated by the statistical uncertainty of the e
mated efficiency and corresponds to±3 fb. The sys-
tematic uncertainty due to the background contam
tion estimate is±1 fb. The luminosity determinatio
and the lepton identification yield negligible unce
tainties (< 1 fb).
5.2.2. Hadronic cross section
The systematic uncertainties related to dete
simulation, luminosity determination and hadroniz
tion are estimated as in Ref.[5]. The other source
are detailed below and a summary is given inTable 8.
They are treated as correlated between energies e
for simulated statistics.
Simulated statistics
The finite simulated statistics affect the estimate
the signal efficiency and the background rate. The
lated uncertainties are typically 24 fb for the signal a
10 fb for the background at each CM energy.
Background contamination
The uncertainty on the non-WW-like four-fermio
background rate is estimated by comparing the pret
Table 9
Measured single-Z cross section and expected uncertainty for
CM energy









In the second column, the ratio between the measured cross se
and that predicted byGRC4F (RZ) is given.
Fig. 7. Measured single-Z cross section as a function of the CM
ergy. The uncertainty on the theoretical cross section is represe
by the shaded band. As an example, the expected cross section
the GRC4F generator is shown by the solid line.
tions of two different generators,PYTHIA andKo-
ralW. Other backgrounds are treated as in Section4.
Lepton identification and isolation cut
According to the studies of Ref.[5], a 1% uncer-
tainty is assigned to the lepton identification efficien
A comparison of theφe distributions in the data an
the simulation of WW semileptonic events yields a 1
uncertainty on the corresponding efficiency for sing
Z events.
The cross-section measured values for the hadr
single-Z process are shown inTable 9andFig. 7 for
each CM energy, together with a comparison to
theoretical expectations fromGRC4F.





































m-The average hadronic cross section is:
σ = 0.56± 0.05(stat) ± 0.02(syst) pb.
The average ratio between the measured cross se
and that predicted byGRC4F is:
RZ = 0.98± 0.10(stat) ± 0.03(syst).
As a cross-check, the same ratio was computed
WPHACT and amounts to 0.98 ± 0.11(stat) ±
0.03(syst).
6. Conclusions
The single-W cross section has been measured wi
the ALEPH detector at eight CM energies from 183
to 209 GeV. The ratio between the measured and
GRC4F predicted cross section averaged over all C
energies is:
RW = 0.96± 0.11(stat) ± 0.04(syst) ± 0.05(theory).
This result supersedes the previous ALEPH sing
W measurement[17] obtained with data collected i
1996 and 1997.
The cross sections of the Zee process in the dim
and in the hadronic final states at each CM energy
tween 183 and 209 GeV have been determined. In
Z → µ+µ− channel, the average cross section is:
σµµ = 55± 16(stat) ± 3(syst) fb,
in agreement with the Standard Model prediction
(44± 2) fb fromWPHACT.
The single-Z cross section in the hadronic fin
states is determined for each CM energy. The ave
ratio between the measured cross section and the
dictedGRC4F value is:
RZ = 0.98± 0.10(stat) ± 0.03(syst) ± 0.05(theory).
No deviation from the Standard Model expec
tion is observed for single-W and single-Z producti
rates. Similar results have been published by o
LEP experiments for single-W[18,19] and single-Z
[18,20,21]production.-
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